Abstract. Mobile phones are widely used by people in modern society, the records of which provide us with an essential proxy for the understanding of human behaviors. Previous empirical results have already shown that some temporal, even spatial, characteristics of many human activities follow power law instead of Poisson statistics. In this paper, we investigate the statistics of human mobile phone communication patterns and their mobility patterns based on mobile phone records. The results show that the distributions of related person and the distributions of inter-event time for four different behaviors all follow power law distribution with different values of exponent. In addition, we have a comparative analysis of human behavior in four different periods of a day, and find out that most of individuals are more active in the afternoon and less active at night in aspects of the diversities of persons they reached and the range of their activities.
measurements mentioned above, on which no research has been carried out yet according to our knowledge.
Dataset and Methods
Dataset Description. The dataset we used contains the detailed mobile phone records of more than 36 million anonymous mobile users from one operator in a metropolitan city of China. This sample has a total of over three weeks (24 days) mobile phone records from Oct 8, 2015 to Oct 31, 2015. The following columns are included by the structured records, event ID, starting time of the event, base station ID and its latitude, longitude coordinates, caller number, called number and other extra information. Both the caller number and the called number have been encrypted so that there are no privacy issues. By different types of event, the sample is categorized into six parts for convenience. In order to avoid interference caused by various noise, only the records of active mobile phone users are used. In term of a specific event, active mobile phone users are defined as someone whose records show up at least once every day in this period. The detailed information about the data is showed in table 1. Please notice that called numbers of the last two events are always null in each record. 
Methods
Inter-event Time. Inter-event time is defined as the interval between two same and consecutive events. In our case, it includes inter-event time of making phone calls, answering the phone, sending text messages and receiving text messages respectively. To be specific, , where is the exact time when the 1 event happened and is the exact time when the event happened. The probability distribution is defined as .
Radius of Gyration. Assume
, , ⋯ , as the sequence of mobile phone base stations that the phone number of individual has been recorded during a period and as the location of . Then the radius of gyration of ′ trajectory in this specific period can be defined as
where ∑ is the center of mass of the trajectory [17] .
The radius of gyration is different from the daily average travel distance. Even if someone moves a long distance in a comparatively confined space, he or she will have a relative small value of radius gyration. Four Periods of a Day. To study different patterns of human behaviors over a day, we divide in into four periods, namely night: 0 am -6 am, morning: 6 am -12 pm, afternoon: 12 pm -6 pm, evening: 6 pm -0 am (the next day). Since the interval time exerts serious effects on the results, it is essential to divide a day into four equal parts.
Results and Discussion
Number of Related Person Distribution. For a specific individual, the number of related person means that the number of different persons involved by one of his/her behaviors. For instance, in term of one person's behavior of making phone calls, the number of related persons equals the number of all persons he or she called. As we are aiming to find out the variant patterns of different behaviors, the first thing we should know is the number of persons contacted by each individual in a day. Thus, a general comparison of the distributions of the four events is shown in Fig. 1 . Fig. 1 Distribution of the number of related person for different types of events. The number "1", "3", "6", "7" in the legend represent the behavior of making phone call, answering phone call, sending text message and receiving text message respectively. As we can see, these four curves are skewed with a fat tail, which indicate that most mobile phone users communicate with a few individuals while a small minority interacts with dozens. And they all can be fitted or partially fitted by a power law function. A quite remarkable difference between receiving text message and the other three behaviors is that its exponent (slope in double logarithmic coordinates) is much smaller than others and its range is much wider. The exponents for different types of event are 3.46, 2.95, 2.94, and 1.70 respectively. It is a quite reasonable phenomenon. Readers may check the text message senders in your mobile phone message boxes if the number of senders is much larger than the number of persons in your contacts. Due to the wide use of SMS reminders, all the websites you signed up with your mobile phone number may send you a text message when you have certain behaviors in their websites (purchase stuff on an online shopping site, for instance). Also the curve of sending text message (red) is lower than making phone call (black), which demonstrates that making phone call is more popular than sending text message among interpersonal communications. The irregular shape of the distribution for answering the phone caused by the fatter tail in comparison with the behavior of making phone call has been observed in [2] . In particular, while the most connected user in making phone call network has the 517, in the answering phone call network we find that 6903. Fig. 2 shows the comparison of four different periods within a day for different types of event respectively. It can be seen that all the black curves (represent night) in every sub-figure have the narrower range and are lower than others, followed by the curves of the evening and morning curves. The curve of afternoon is the highest among the four and has the widest range, which demonstrates that most individuals have the highest activity level in the afternoon and the people they connected are more diversified, followed by morning and evening curves. Most people behave more quiet at night. It is congenial with reason and common sense. Inter-event Time Distribution. Fig. 3 illustrates the inter-event distribution of four different types of events respectively (time resolution, seconds). The four curves have similar shape as Fig. 2 . in [6] . When the interval time is less than 30 seconds approximately, the curves fluctuate. In the range ∈ 30, 20000 , they all look like a straight line. And there is a cutoff followed at 20000 respectively. We believe that the very short interval time occurred in the behavior of sending text message caused by mass massage sending, i.e., a mobile phone user will send a same message to a list of contacts after the message is written. Besides, the fitted line of inter-event distribution of receiving text message has the largest slope value, and is the lowest among the four, the phenomenon uncovered by which is consistent with what is shown in Fig. 1 . People in modern society not only receive a large amount of text messages from various sources, but also receive them more frequently compared with the behavior of answering mobile phone. The position of the red curve demonstrates that the time intervals of users' sending text message is narrower than making phone calls even if they are accustomed to communicating with making phone calls. The distributions of answering the phone and making phone calls are so similar that the two curves nearly coincide. However, based on the exponent value from table 2, the difference still exists. Fig. 3 Distribution of inter-event time for different types of events. The number "1", "3", "6", "7" in the legend represent the behavior of making phone call, answering phone call, sending text message and receiving text message respectively. Fig. 4 shows the comparison of the inter-event time distribution of four different period within a day for different types of events respectively (time resolution, seconds). From Fig.4 (d) we can see that the curve of morning has the smallest slope, followed by evening, afternoon and morning, which means that the frequency of receiving text message decreases at night. Fig. 4(c) illustrates a counterintuitive phenomenon that the interval time of most users' sending text messages at night are much shorter than other periods within a day. This phenomenon is explainable in that when night falls, you are lying in bed and chatting with friends using text messages. Without being disturbed by various factors you may encountered at daytime, you are anxiously waiting friends' reply and will response immediately as soon as their message arrives. The four curves in the other two subfigures are so close that it seems that they do not have difference at all. It uncovers that even the diversities of people they connected in different periods are not different, but the interval times of making phone call have little difference in the four different periods. This same phenomenon holds for answering phone calls. "E" in the legend are beginning of "Night", "Morning", "Afternoon" and "Evening" respectively.
Radius of Gyration Distribution.
To analyze people's trajectories in different periods within a day, we focus on the radius of gyration, a measure of the size of trajectories. To prepare the calculation of radius of gyration, the digital footprint of each person is needed. So we mix all six different types of events up. More information about radius of gyration can be seen in the Methods section.
From Fig.5 (a) we can see the distribution of individuals' radius of gyration within a day. At the beginning, the curve fluctuates, followed an increase. In the range ∈ 300 , 50000 , it has a relatively stable distribution and high probability, which indicates that radiuses of gyration of the majority are in this range. Besides, 300m is the coverage of mobile phone base station. With the value of increases continuously, there is a rapid decrease. Notice that when 10km, a small peak turns up. The fact is that radius of central area of this city is ten kilometers approximately. Fig. 5 (a) Distribution of radius of gyration in a day; (b) Distribution of radius of gyration for different periods of a day. The letter "N", "M", "A", "E" in the legend are beginning of "Night", "Morning", "Afternoon" and "Evening" respectively. Fig. 5(b) shows the distribution of different periods of a day, in which only the curves within the range between 100m and 10km are displayed. It is obvious that at night, people's radiuses of gyration 
Conclusions
Research on human behavior has been attracting researchers' attention. Along with them, we have empirically studied some temporal and spatial properties of human's behaviors in this paper, including four different types of event. Besides, we have made a comparison among four different periods of a day, i.e., the night, morning, afternoon and evening period. Both the number of related person and inter-event time follow power law distribution with a heavy tail, which means that most mobile phone users are less active yet a minority of users are very active. In term of diversities of people are reached, making phone call is more popular than sending text message among interpersonal communications. And people are receiving more messages from a variety of sources. Due to the distinct function of phone and message, the inter-event time of most individuals' sending or receiving message are shorter than making phone call or answering the phone. By comparing the related person distribution and radius of gyration distribution of the four periods of a day, we find out that individuals are more active in the afternoon and less active at night. It's hard to tell the difference among the four periods of a day in term of interval time of making phone call or answering phone call, but it is obvious that the interval time of sending message is more shorter at night while the interval time of receiving message is more shorter at daytime. The reason is that sending message is a more active behavior while receiving is more passive to some extent. Moreover, we find that the ranges of activity of most individuals are between three hundred meters and five kilometers. All these findings not only shed light on collective human behaviors, but also provide a probe for further research.
In the future, in order to reveal deeper mechanisms of human dynamics, we will continue to analyze the correlation between temporal pattern and spatial pattern. To achieve that, a large amount of work is awaiting us, which we believe is extremely meaningful and interesting.
